PRRX1 is a homeodomain transcriptional factor, which has two isoforms, PRXX1A and PRRX1B. The PRRX1 isoforms have been demonstrated to be important in pancreatic cancer, especially in the regulation of epithelial-to-mesenchymal transition (EMT) in Pancreatic Ductal Adenocarcinoma (PDAC) and of mesenchymal-to-epithelial transition (MET) in liver metastasis. In order to determine the functional underpinnings of PRRX1 and its isoforms, we have unraveled a new interplay between PRRX1 and the FOXM1 transcriptional factors. Our detailed biochemical analysis reveals the direct physical interaction between PRRX1 and FOXM1 proteins that requires the PRRX1A/B 200-222/217 amino acid (aa) region and the FOXM1 Forkhead domain. Additionally, we demonstrate the cooperation between PRRX1 and FOXM1 in the regulation of FOXM1-dependent transcriptional activity. Moreover, we establish FOXM1 as a critical downstream target of PRRX1 in pancreatic cancer cells. We demonstrate a novel role for PRRX1 in the regulation of genes involved in DNA repair pathways. Indeed, we show that expression of PRRX1 isoforms may limit the induction of DNA damage in pancreatic cancer cells. Finally, we demonstrate that targeting FOXM1 with the small molecule inhibitor FDI6 suppress pancreatic cancer cell proliferation and induces their apoptotic cell death. FDI6 sensitizes pancreatic cancer cells to Etoposide and Gemcitabine induced apoptosis. Our data provide new insights into PRRX1's involvement in regulating DNA damage and provide evidence of a possible PRRX1-FOXM1 axis that is critical for PDAC cells.
Introduction
Pancreatic ductal adenocarcinoma (PDAC) is predicted to become the second leading cause of cancer-related death in the United States by 2030 and remains the cancer with the lowest 5-year relative survival rate (8%) [1, 2] . This can be explained in part by the lack of early detection methods, proclivity for metastasis and the underlying chemoresistance of PDAC cells. Recent advances in Genetically Engineered Mouse Models (GEMMs) of pancreatic cancer, such as the lineage-labeled Pdx1-cre;LSL-Kras G12D/+ ;p53 fl/+ ;R26 YFP (abbreviated as "KPCY") mouse model, reveal that epithelial-to-mesenchymal transition (EMT) and dissemination of pancreatic preneoplastic cells precedes PDAC tumor formation [3] . Pancreatic epithelial cell plasticity plays an important role during PDAC initiation, progression, and metastasis. Thus, specific genes and pathways that play functional roles along this continuum are of paramount importance to provide new mechanistic insights and also offer new therapeutic perspectives.
We undertook previously an unbiased approach to identify genes involved in pancreatic epithelial cell plasticity during pancreatic ductal development, acinar-to-ductal metaplasia (ADM) and pancreatic intraepithelial neoplasia (PanIN) [4] . This analysis revealed that the Paired-Related homeobox 1 (Prrx1) transcription factor (TF) was the most up-regulated TF shared amongst these three processes [4] . The alternative splicing of the PRRX1 gene give rise to two isoforms: PRRX1A (245 amino acids) and PRRX1B (217 amino acids) [5, 6] . Our work established that PRRX1A regulates EMT in primary PDAC and PRRX1B promotes the reverse process, mesenchymal-to-epithelial transition (MET), in liver metastasis [7] . This isoform-specific regulation of EMT-MET axis builds upon previous findings, that PRRX1 induces EMT in breast [8] , colorectal [9, 10] and gastric cancer [11] . Furthermore, loss (or low levels) of PRRX1 is required for MET and metastatic colonization in breast and colorectal cancer [8, 10] . It is possible that competition occurs de novo between PRRX1A and PRRX1B to drive EMT or MET, respectively, in the context of tumor progression. Therefore, the study of the underlying mechanisms regulating PRRX1 isoform switching and the identification of possible co-factors involved will provide useful new insights into PRRX1 biology.
Forkhead Box M1 (FOXM1) is a member of the Forkhead box family of TF that shares a winged-helix DNAbinding domain [12] . FOXM1 is upregulated in a variety of solid tumors and is well renown within the FOX genes for its crucial role in regulating the cell cycle. In the context of pancreatic cancer, FOXM1 is overexpressed and has been shown to regulate migration, invasion, and EMT [13] [14] [15] .
In this study, we have identified FOXM1 as a critical downstream target of PRRX1 and also a novel binding partner of PRRX1. We observe cooperation between FOXM1 and PRRX1 in the induction of FOXM1dependent transcriptional activity. Additionally, we describe a new role for PRRX1 in the DNA damage response (DDR) via the induction of key DNA repair genes. Our results reveal that expression of PRRX1 may limit the induction of DNA damage. Furthermore, we demonstrate that FOXM1 inhibition via FDI6, a small molecule inhibitor of FOXM1 DNA binding [16] , increases DNA damage, reduces PDAC cell growth and induces their apoptosis. Finally, treatment with FDI6 also promotes induction of apoptosis by Gemcitabine, part of a chemotherapy regimen for PDAC in the clinical setting, suggesting FOXM1 as a potential target to improve survival of pancreatic cancer patients.
Results

PRRX1 positively regulates FOXM1 expression and activity
Previous ChIP-seq results from our group identified shared and specific target genes of PRRX1 isoforms in pancreatic tumor cells [4] . Interestingly, PRRX1B was found bound to a set of genes from the Forkhead family of transcription factors (unpublished observations, Fig. 1a ), suggesting PRRX1 may be a central regulator of FOX TFs gene expression. Therefore, we analyzed the expression of a panel of selected FOX genes in mouse embryonic fibroblasts (MEFs) established from wild type (WT) or global Prrx1 knockout (KO) mice. Prrx1 KO MEF cells showed significantly lower expression of Foxa2 and Foxm1 compared to WT MEF cells ( Fig. 1b) . By contrast, Foxo1 and Foxp2 expression were significantly higher in Prrx1 KO compared to WT MEFs, while a trend for increased Foxp1 was also observed (Fig. 1b) . These results were validated in PANC1 human pancreatic tumor cells in which PRRX1 expression was knocked down by shRNAs. PANC1 cells expressing an shRNA targeting both isoforms of PRRX1 reduced levels of PRRX1A by 86% (shPRRX1 #1) or 66% (shPRRX1 #2) and of PRRX1B by 89% (shPRRX1 #1) or 64% (shPRRX1 #2) ( Fig. 1c ). Similar to MEFs, loss of PRRX1 expression significantly reduced expression of FOXA2 and FOXM1, and increased FOXP2 in PANC1 cells ( Fig. 1c ). Knockdown of PRRX1 expression in PANC1 also regulated expression of FOXO1 and FOXP1, although conflicting results were observed ( Fig. 1c ).
These results demonstrate a possible link between PRRX1 and FOX genes in MEFs and PDAC cells, and thus we analyzed PRRX1 and FOXM1 expression in pancreatic tissues from human PDAC patient and mouse models of pancreatic cancer. Immunohistochemistry (IHC) of human PDAC tissue demonstrated that both PRRX1 and FOXM1 are highly expressed in PDAC ( Fig. 1d ). Furthermore, a more detailed analysis of IHC from mouse tissue revealed that both PRRX1 and FOXM1 are increased early on during transformation, in pancreatic intraepithelial neoplasia (PanIN) lesions harvested from Pdx1-Cre;LSL-Kras G12D/+ (KC) [17] and Pdx1-Cre;LSL-Kras G12D/+ ;p53 R175H/+ ; R26 YFP (KPCY) [3, 18] mice ( Fig. 1e ). Both PRRX1 and FOXM1 remained elevated in PDAC tumor tissue from KPCY mice compared to WT controls ( Fig. 1e) .
Strikingly, co-immunofluorescence staining of FOXM1 and PRRX1 in mouse PDAC tissues revealed colocalization of both transcription factors, suggesting they might cooperate in the regulation of target genes (Fig. 1f) . In order to determine if FOXM1 and PRRX1 cooperatively regulate FOXM1-dependent transcriptional activity, we used the 6xFOXM1-luciferase reporter containing 6 copies of the FOXM1 DNA binding site [19] . Transfection of PANC1 cells with a construct encoding FOXM1 increased the activity of the 6xFOXM1-luciferase reporter construct ( Fig. 1g ). Interestingly, the exogenous expression of PRRX1A or PRRX1B alone was sufficient to induce activity of the FOXM1 reporter ( Fig. 1g) . Surprisingly, the activity of the 6xFOXM1-luciferase reporter was dramatically increased by co-transfection of FOXM1 construct with a plasmid encoding either PRRX1A or PRRX1B ( Fig. 1g ). Knockdown of PRRX1 in PANC1 cells also reduced expression of the canonical FOXM1 transcriptional targets CDC25B and CCNB1 (Supplementary Fig. 2A ). Furthermore, we observed that co-expression of FOXM1 and PRRX1 cooperatively activated the known PRRX1 target gene, Tenascin-C ( Supplementary Fig. 2B ), suggesting that FOXM1 may also help to stimulate canonical PRRX1mediated transcriptional networks.
PRRX1 and FOXM1 physically interact
Since our results revealed potential cooperation between FOXM1 and PRRX1, we next tested if they can physically interact, and if so, to delineate which domains may be involved. To that end, we generated N-terminal deletion mutants of FOXM1 lacking the N-terminal repressor domain (NRD) or both the NRD and Forkhead domain (FHD) ( Fig. 2a ). The different FOXM1 constructs were transiently co-expressed with a FLAG-tagged WT PRRX1A in HEK293T cells ( Fig. 2b ). Next, we immunoprecipitated the FLAG-tagged PRRX1A and observed that it binds WT FOXM1 and FOXM1Δ232, but not to the FOXM1Δ325 deletion mutant (Fig. 2c ). These results demonstrate that the Forkhead domain of FOXM1, whose loss is unique to FOXM1Δ325, is necessary for its binding to PRRX1.
To map further the interaction between FOXM1 and PRRX1, we generated plasmids encoding FLAG-tagged PRRX1A, PRRX1B or PRRX1 deletion mutants lacking different C-terminal regions (Fig. 3a ). The PRRX1Δ222 mutant lacks the C-terminal region containing the "otp, aristaless, and rax" (OAR) domain, while PRRX1Δ200 and PRRX1Δ154 lack a C-terminal region extending up to the homeobox domain ( Fig. 3a ). The expression of the FLAGtagged PRRX1 constructs was assessed in HEK293T cells following transfection with the different plasmids ( Fig. 3b ). We immunoprecipitated the WT or mutant PRRX1 using a FLAG antibody and observed that endogenous FOXM1 bound all forms of FLAG-tagged PRRX1 except for PRRX1Δ200 and PRRX1Δ154 ( Fig. 3c ). β-CATENIN, a known FOXM1 binding partner [20] , was also bound to all forms of PRRX1 interacting with FOXM1 i.e., PRRX1A, PRRX1B, and PRRX1Δ222 ( Fig. 3c ). To support further these results, we immunoprecipitated endogenous FOXM1 and demonstrated that it binds to FLAG-tagged PRRX1A, PRRX1B, and PRRX1Δ222 (Fig. 3d ). The interaction between FOXM1, β-CATENIN, and PRRX1 isoforms (A and B) was confirmed in PANC1 cells stably expressing myc-tagged PRRX1 constructs ( Fig. 3e ). Collectively, these experiments indicate that the PRRX1A 200-222aa and PRRX1B 200-217aa regions are crucial for interaction with FOXM1 and β-CATENIN.
The ability of homeobox proteins to homodimerize or heterodimerize has been postulated as a possible mechanism of isoform specific transcriptional activity [21] [22] [23] . Coimmunoprecipitation assays with myc-tagged and FLAGtagged PRRX1 isoforms constructs were performed to evaluate PRRX1 isoform dimerization. Homodimers of both PRRX1A and PRRX1B, together with PRRX1A and PRRX1B heterodimers, were observed ( Supplementary Fig.  3A) . These experiments were repeated with PRRX1 deletion mutants and we observed that myc-tagged PRRX1A bound to Flag-tagged PRRX1A and PRRX1Δ222 but not to PRRX1Δ200 and PRRX1Δ154 ( Supplementary Fig. 3B ). Thus, the same region that was required for FOXM1 interaction (i.e., 200-222/217aa) is essential for PRRX1 isoform dimerization.
PRRX1 limits DNA damage in pancreatic tumor cells
Our results thus far establish that PRRX1 and FOXM1 interact at the biochemical level. FOXM1 regulates genes involved in DNA damage repair and thus play a role critical role in the DNA damage response (DDR) [24] [25] [26] [27] . In order to determine the potential functional involvement of PRRX1 in the DDR, we irradiated PANC1 cells expressing myc-tagged PRRX1A, PRRX1B or the empty vector (E.V.). We evaluated the levels of DNA damage by analyzing histone H2Ax phosphorylation at Ser-139 (pH2Ax), which is induced following DNA damage. The irradiation (IR) of control (E.V.) PANC1 cells induced DNA damage as revealed by increased pH2Ax levels 2 h post-irradiation ( Fig. 4a ). Lower pH2Ax levels were observed in irradiated PANC1 cells expressing myc-PRRX1A and myc-PRRX1B compared to irradiated control (E.V.) PANC1 cells ( Fig. 4a ). This result suggests that PRRX1 isoforms may potentially limit DNA damage induction in pancreatic tumor cells following irradiation.
Next, we evaluated PRRX1's contribution to the DDR by using another DNA damaging agent, Etoposide, a topoisomerase II inhibitor, known to induce DNA double strand breaks (DSB). Control PANC1 cells showed increased pH2Ax levels following Etoposide treatment for 24 h (Fig. 4b ). In agreement with irradiation-mediated DNA damage, the expression of myc-PRRX1A or myc-PRRX1B in PANC1 cells reduced the Etoposide-induced increase of pH2Ax ( Fig. 4b ). Finally, we determined the impact of PRRX1 expression in PANC1 cells following treatment [7] . The relative mRNA expression levels of PRRX1 isoforms and the indicated FOX genes were measured by qPCR b in MEF established from wild type (WT) or PRRX1 KO mice (n = 4-5) and c. in PANC1 cells stably expressing either a nontargeting shRNA (shCTL) or shRNA targeting PRRX1 (n = 5). d Consecutive sections from a human PDAC patient tissue stained for PRRX1 and FOXM1 by IHC. A representative 20X field is shown for each with a 50μm scale bar. e-f Mouse pancreatic tissue from a wild type (WT; 18w; normal), Pdx1-Cre;Kras G12D/+ (KC; 41w; PanIN) or Pdx1-Cre;Kras G12D/+ ;p53 R175H/+ ;R26 YFP (KPCY; 16w; PDAC) were analyzed. e Morphology was assessed by H&E staining and the expression of PRRX1 and FOXM1 were analyzed by IHC. A representative 20× field is shown for each with a 50 μm scale bar. f Immunofluorescence staining of tissue from KPCY mice for FOXM1 (Magenta), PRRX1 (Green), YFP (Cyan) and DAPI (Blue) staining are shown. Representative 20× and 40× fields are shown for the merged channels with 50 or 25 μm scale bars, respectively. The single channel images are shown in Supplementary Fig. 1B . g PANC1 cells were transiently transfected with the 6xFOXM1 luciferase and the SV40renilla reporters with or without the indicated PRRX1 or FOXM1 constructs. The luciferase and renilla activities were measured 48 h. post-transfection. The 6xFoxm1 luciferase activity was normalized to the renilla and is shown relative to empty vector (E.V.) control cells (n = 3 independent experiments; *p < 0.05, **p < 0.01 and ***p < 0.001) with Gemcitabine. Gemcitabine is a deoxycytidine analog that interferes with DNA replication leading to stalled replication forks and activation of the DDR [28] . Gemcitabine treatment for 24 h induced pH2Ax in PANC1 cells ( Fig. 4c ). Similar to IR and Etoposide, Gemcitabineinduced increase of pH2Ax in cells expressing either myc-PRRX1A or myc-PRRX1B was lower than in cells expressing the empty vector ( Fig. 4c ). It is noteworthy that expression of myc-PRRX1B was able to limit the apoptosis induced by Etoposide and Gemcitabine as revealed by cleaved PARP levels (Fig. 4b, c ). These results suggest the PRRX1 isoforms may limit the level of DNA damage under independent experimental conditions.
PRRX1 regulates genes involved in DNA damage repair
We pursued our investigation of the role of PRRX1 in the DDR by evaluating if PRRX1 regulates target genes involved in DNA repair. In that regard, we analyzed the expression of a set of key genes implicated in different DNA repair pathways, including many that were previously shown to be regulated by FOXM1 [25, 29] . First, we observed reduced expression of ATM, ATR, BRCA1, and PRKDC (DNA-PK) in PANC1 cells after knockdown of PRRX1 with two independent shRNAs ( Fig. 5a ). Of note, expression of BRCA2, XRCC1, and XRCC4 were reduced only with shPRRX1 #1, which showed greater efficiency of PRRX1 knockdown (Figs. 5a and 1c). We also noticed lower expression levels of RAD51B following PRRX1 knockdown, but only in PANC1-shPRRX1 #2 cells ( Fig. 5a ). Next, we evaluated the expression of some of these genes in PRRX1 WT and KO MEFs. We observed that PRRX1 loss diminished the expression level of Brca1 and Xrcc1, but not Atm and Brca2 (Fig. 5b ). We further confirmed that knockdown of PRRX1 in PANC1 cells reduced BRCA1 protein levels ( Supplementary Fig. 5 ). These collective results show that depletion of PRRX1 expression decreases expression of key DNA repair genes and suggests PRRX1 may play a broader role in the DDR. We analyzed a publically-available RNA-sequencing dataset (GSE112365) comparing BT549 human breast cancer cells with CRISPR-mediated knockout of PRRX1 relative to untreated controls. Interestingly, Gene Set Enrichment Analysis (GSEA) revealed that gene sets related to DNA repair were enriched in the WT BT549 cells expressing PRRX1 compared to PRRX1 KO cells ( Fig. 5c ).
FOXM1 inhibition reduces growth and induces apoptosis of pancreatic tumor cells
Knockdown of PRRX1 in PANC1 cells significantly decreased their anchorage-independent growth (Supplementary Fig. 4 ). Since there is no current PRRX1-directed therapy, we therefore explored the therapeutic potential of the small molecule FOXM1 inhibitor FDI6 [16] in human pancreatic cancer cells as a translational proof-of-principle approach. We performed first WST1 viability assays in PANC1 and MIA PaCa2 cells following treatment with FDI6 at different doses. We observed significant reduction of PANC1 and MIA PaCa2 cell viability following treatment with FDI6 at 10 μM and 20 μM at accepted doses [16] Fig. 6a ). Next, we analyzed the anchorage-independent growth of PANC1 cells following treatment with FDI6. We noticed a dose-dependent decrease of colony formation in soft-agarose by PANC1 cells treated with FDI6 compared to vehicle treated cells (Figs. 6b, c) . We then determined if the growth reduction observed following FDI6 treatment is in part due to induction of apoptosis from DNA damage. We first confirmed that FDI6 increased levels of DNA damage through comet assay in PANC1 and MIA PaCa2 cells (Fig. 6d, e ). We further observed that treatment of PANC1 and MIA PaCa2 cells with FDI6 for 24 h. and 48 h. increased cleavage of PARP and of CASPASE 3, suggesting induction of apoptosis (Fig. 6d ). Interestingly, FDI6 treatment also increased the levels of pH2Ax in a dose and time dependent manner (Fig. 6d ). This suggests that as with PRRX1 knockdown, FOXM1 inhibition induces DNA damage. FDI6-induced apoptosis was also observed in other human pancreatic cancer cell lines i.e., AsPC1, BxPC3, Capan1, and Capan2 ( Supplementary Fig. 6 ). The induction of apoptosis in PANC1 cells following FDI6 treatment was substantiated further by increased number of AnnexinV/7-AAD positive cells in FDI6 vs. vehicle treated cells (Fig. 6e ). Taken together, our results show that specific inhibition of FOXM1 by FDI6 decreases pancreatic cancer cell proliferation and induces their apoptotic cell death.
Treatment with the FOXM1 inhibitor FDI6 sensitizes pancreatic cancer cells to select chemotherapeutic drugs
We next explored the therapeutic potential for FOXM1 inhibition in pancreatic cancer cells by evaluating the efficiency of FDI6 in combination with select chemotherapeutic agents. Consistent with our previous results ( Fig. 6f and Supplementary Fig. 6 ), the treatment of PANC1 and MIA PaCa2 cells with FDI6 alone increased the levels of cleaved PARP (Fig. 7a, b) . Treatment with single agent Etoposide (Fig. 7a) or Gemcitabine (Fig. 7b ) induced apoptosis in PANC1 and MIA-PaCa2 cells as revealed by the increased cleavage of PARP. Interestingly, the levels of cleaved PARP were increased further when FDI6 treatment was combined with Etoposide ( Fig. 7a) or Gemcitabine (Fig. 7b ) compared to either single agent treatment. Thus, our results suggest that FOXM1 inhibition by FDI6 sensitizes pancreatic cancer cells to Etoposide and Gemcitabine induced apoptosis.
Discussion
The importance of homeodomain transcription factors in development is well established. Indeed, Prrx1 −/− mice die soon after birth due to defects in skeletogenesis and display craniofacial, limb, mandible and vascular abnormalities [30] [31] [32] [33] [34] [35] . Studies suggest unequal compensation between Prrx1 and Prrx2 that may potentially be explained by the difference of transcriptional activity observed between Prrx1 isoforms [36, 37] . Herein, we demonstrate for the first time that PRRX1A and PRRX1B form homodimers and has been shown to be required for its transcriptional activity [21] . Furthermore, the homodimerization of the paired homeodomain protein AXL4 or its heterodimerization with two members of the same family of transcription factors, CART1 [22] and Goosecoid [23] , modulate their transcriptional activity and DNA binding specificity. Therefore, our observation of PRRX1 dimerization provides new insights for a possible explanation of PRRX1 isoformspecific functions.
The distinct roles of each PRRX1 isoforms could also be dependent on the involvement of different cofactors. Herein, we have identified the forkhead transcription factor FOXM1 as a novel PRRX1 interaction partner. The PRRX1 (A/B) 200-222/217aa region required for PRRX1 dimerization is also necessary for PRRX1 binding to FOXM1. It is noteworthy that PRRX1 binding to FOXM1 is dependent upon the FOXM1 forkhead domain and since this domain is well conserved throughout the FOX family of TFs, PRRX1 might bind conceivably to other FOX proteins. Interestingly, other Forkhead and homeodomain transcription factors can also bind to each other. FOXA2 has been shown to interact with the homeodomain TFs PDX1 [38] and Engrailed [39] . Additionally, PITX2 and OCT4, a paired and a POU homeodomain transcription factor, respectively, were shown to interact with FOXC1 and FOXD3, respectively [40, 41] . In this study, we demonstrated that both PRRX1A and PRRX1B synergistically cooperate with FOXM1 in the regulation of FOXM1-dependent transcriptional activity and the regulation of Tenascin-C, a known PRRX1 target gene [34] . We identified also that FoxM1 and FoxA2 may be regulated by PRRX1. Finally, we showed that both PRRX1 and FOXM1 are highly expressed and colocalize in PDAC tissues. We speculate that the PRRX1-FOXM1 complex may increase FOXM1 stability, thus leading to increased transcriptional activity of FOXM1, as has been noted for other FOXM1 binding partners [42] . This is highlighted by our observation that PANC1 cells transfected with shPRRX1 have decreased expression of canonical FOXM1 targets CDC25B and CCNB1.
Functionally, we demonstrate that PRRX1 expression limits DNA damage induced by irradiation, the DNA damaging agent Etoposide or the chemotherapeutic agent Gemcitabine in pancreatic cancer cells. Moreover, we demonstrate that several genes (i.e., Atm, Atr, Brca1, Brca2, DNA-pk, Xrcc1, Xrcc4) involved in the DNA damage response and DNA repair pathways are associated with modulation of PRRX1 expression. Interestingly, FOXM1 has been shown to regulate DNA repair genes such as Brca2, Xrcc1, and Brip1 and is involved in the homologous recombination DNA repair pathway [25, 26, 43, 44] . Furthermore, FOXM1 has been associated with cancer cells mediated resistance to irradiation, Doxorubicin and cisplatin [24, [44] [45] [46] . Taken together, this leads to the premise that PRRX1 expression, partially with its FOXM1 interaction, may contribute to pancreatic cancer cell resistance to DNA damage-inducing treatments. Indeed, genomic analysis of pancreatic cancer has revealed oncogenic mutations in genes that aggregate into the DNA damage repair pathways [47, 48] . Study of the mutational landscape of pancreatic cancer has identified four molecular subtypes of pancreatic cancers (squamous, pancreatic progenitor, immunogenic and ADEX) and reaffirmed the importance of DNA repair pathways [49] .
The thiazole antibiotics such as Thiostrepton have been used to inhibit FOXM1 transcriptional activity, although their use raises concerns of off-target effects [50, 51] . Thiostrepton and other proteasome inhibitors have been shown to inhibit FOXM1 that highlights the need for more specific FOXM1 inhibitors [52] . The recent discovery of FDI6, a small molecule inhibitor of FOXM1 DNA binding, with high specificity [16] provides a new opportunity to investigate the potential of FOXM1 targeting therapy. Hence, we evaluated the effect of FDI6 on human pancreatic cancer cells and demonstrate that FDI6 reduces the growth of PDAC cells and induces their apoptotic cell death. Moreover, treatment with the FOXM1 inhibitor FDI6 sensitizes pancreatic cancer cells to Etoposide and Gemcitabine chemotherapies. Our results suggest that targeting FOXM1, and through its interplay with PRRX1, could be investigated in vivo for PDAC treatment.
In summary, our results provide new insights into PRRX1 regulation and functions by demonstrating that PRRX1 isoforms dimerize and by identifying FOXM1 as a novel PRRX1 interaction partner. We describe a potential PRRX1-FOXM1 axis in which PRRX1 not only regulates FOXM1 expression but also cooperates with FOXM1 in the potential regulation of target genes. Finally, we describe for the first time the involvement of PRRX1 in the DNAdamage response and our work supports the therapeutic potential of targeting the PRRX1-FOXM1 axis in PDAC via the use of a specific inhibitor of FOXM1.
Materials and methods
Cell culture and drug treatments HEK293T, HEK293FT and the human pancreatic cancer cell lines AsPC1, BxPC3, Capan1, Capan2, MIA PaCa2, and PANC1 were obtained from ATCC (American Type Culture Collection) and maintained in a humidified 5% CO 2 atmosphere at 37°C. The mouse embryonic fibroblast (MEF) cells established from PRRX1 WT or KO mice was kindly provided by Kaori Ihida-Stansbury (UPenn, Philadelphia, PA). The Capan1 cells were grown in DMEM (Corning) supplemented with 20% fetal bovine serum (FBS; SH3007103, GE) and 100 U/mL penicillinstreptomycin (15140122, Gibco, ThermoFisher) while AsPC1 and BxPC3 cells were cultured in RPMI1640 (Corning) supplemented with 10% FBS and 100 U/mL penicillin-streptomycin. All other cell lines were grown in DMEM supplemented with 10% FBS and 100 U/mL penicillin-streptomycin. During the course of this study all cell lines were tested for mycoplasma contamination. Etoposide and the FOXM1 inhibitor, FDI6, were purchased from Selleck Chem (S1225) and Axon MedChem (2384), respectively. Gemcitabine HCl solution was purchased from Hospira, inc (Lake Forest, IL, USA). A Gammacell 40 Cesium 137 Irradiation unit was used to deliver 8 Gy.
Generation of plasmids
Prrx1 C-terminal deletion mutants were generated by PCR amplification of pIRES2-EGFP-FLAG-Prrx1 [4] using primers listed in Table 1 . A C-terminal V5-tagged FOXM1 expression vector (pIRES2-EGFP-Foxm1-V5) was generated by PCR amplification of Foxm1 from mus musculus ORF (6417437, Open Biosystem) using primers listed in Table 1 . Foxm1 N-terminal deletion mutants were generated from pIRES2-EGFP-Foxm1-V5 using primers in Table 1 . The truncated Prrx1 and Foxm1 sequences were cloned into pIRES2-EGFP vector using XhoI and EcoRI restriction enzymes. Expression vectors for Myc-tagged Prrx1a, Prrx1b and Foxm1 were generated by PCR amplification of the corresponding pIRES2-EGFP plasmids using primers listed in Table 1 and subcloned into pcDNA3.1 (+) (V790-20, Invitrogen) using NheI and EcoRI.
Transfection
HEK293T or PANC1 cells were transiently transfected with Lipofectamine 2000 (11668019, ThermoFisher) according to manufacturer's instructions. Stable populations of PANC1-pcDNA3.1(+), PANC1-pcDNA3.1-myc-Prrx1a and PANC1-pcDNA3.1-myc-Prrx1b cells were selected (10 days) with 1 mg/mL of G418 (goldbio)
Luciferase assay
Experiments were performed as described previously [53] . Briefly, PANC1 cells were transfected with Lipofectamine 2000 according to the manufacturer's instructions. Experiments were done in 24 well plates using 0.1 μg/well of 6xFOXM1 luciferase (0.1 μg/well) [19] or Tenascin-C (TN7; −247/+121) luciferase [54, 55] with 0.004 μg/well of pRL-SV40 (Promega). The expression vectors pcDNA3.1(+), pcDNA3.1-myc-Prrx1a, pcDNA3.1-myc-Prrx1b and pcDNA3.1-Foxm1-3xmyc plasmids were used at 0.1 μg/well. Luciferase activities were measured using the Dual-Luciferase Reporter Assay system (E1910, Promega).
Lentiviral production and transduction
Lentiviruses were produced in HEK293FT cells using the following shRNAs purchased from Sigma-Aldrich: shNonTarget (SHC016), shPRRX1 #1 (TRCN0000020648) and shPRRX1 #2 (TRCN0000020646). Briefly, HEK293FT cells in a 10 cm dish were transfected using Lipofectamine 2000 with 10 µg of shRNA plasmid and 5 µg of the lentiviral packaging plasmids psPAX2 and pMD2.G. Then, 48 h following transfection the media containing lentiviruses was collected and filtered through a 0.45 µm filter. PANC1 cells were infected with the viral suspension containing 8 μg/mL of polybrene (TR-1003-G, Millipore) for 1 h at 5% CO 2 and 37°C. Complete media containing 8 μg/mL of polybrene was added and the cells were grown for 48 h. Infected cells were selected (10 days) with 2 μg/mL puromycin (Goldbio) for generation of stable PANC1-shCTL, PANC1-shPRRX1 #1 and PANC1-shPRRX1 #2 populations.
Quantitative PCR
Total RNA was extracted using the GeneJET purification kit (K0732, Thermo Scientific) and 2 μg of RNA was used to synthesize cDNA with the High-Capacity cDNA Reverse Transcription kit (4368814, Applied Biosystems TM , Thermo Scientific). The PCR reactions were performed in triplicate on the StepOnePlus system (Applied Biosystem) using Power SYBR Green (4367659, ThermoFisher). Primer efficiency was determined and relative gene expression was measured using the primers listed in Table 2 .
Western blot
Cells lysis was performed as described previously [56] 
Animal studies
All animal work was approved by the University of Pennsylvania Institutional Animal Care and Use Committee.
Immunohistochemistry and immunofluorescence
Paraffin embedded zinc-formalin fixed tissue was sectioned and antigen retrieval was performed with citrate pH6.0 buffer in a pressure cooker. Slides were blocked with serum-free protein block (X0909, Dako) for 1 h at RT and incubated overnight at 4°C with the following antibodies FOXM1 (AF3975, Novus, 1:100), PRRX1 (NBP2-13816, Novus, 1:50) or GFP (ab13970, abcam, 1:250). Immunohistochemistry was performed using Biotinylated secondary antibodies, ABC kit (PK-6100) and DAB (SK-4100) from Vector Labs. For immunofluorescence, slides were incubated with Cy-conjugated secondary antibodies (Jackson ImmunoResearch, 1:300) for 1 h at RT and nuclei were stained with DAPI. Image were acquired on a Nikon E600 microscope and processed with ImageJ (1.51w) software. Antibody fidelity was verified by staining murine PDAC tissue in the absence of primary antibody ( Supplementary  Fig. 1A ). Human PDAC tissue was obtained from US Biomax, Inc. (PA483).
Soft agarose assay
The Soft Agarose Assay was performed as described previously [53, 56] . Briefly, 15,000 PANC1, PANC1-shCTL, PANC1-shPRRX1 #1 or PANC1-shPRRX1 #2 cells were suspended in a mixture of DMEM and 0.7% agarose and seeded on a layer of DMEM-agarose mix in 6 well plates. For PANC1 treatments, DMEM media containing the FOXM1 inhibitor (FDI6) or vehicle (DMSO) was added on the surface of the agarose and changed every day. Cells were grown 3 weeks before colonies were stained with MTT (475989, Millipore) and photographed (Nikon D3100). Colonies were quantified using ImageJ (1.51w) software for three independent experiments done in duplicate.
Cell viability and apoptosis assays
For cell viability analysis, MIA PaCa2 and PANC1 cells were seeded in 96 well plates at 5000 cells/well and treated with FDI6 or vehicle (DMSO). Cell viability was assessed by incubating the cells in WST1 (11644807001, Sigma-Aldrich) for 2 h at 37°C and measuring the OD at 450 and 605 nm. For the detection of apoptosis, PANC1 cells were seeded in 12 well plates and treated with FDI6 or vehicle (DMSO). Apoptosis was measured using the APC-AnnexinV and 7-AAD kit from BioLegend (640930) according to the manufacturer's instructions. Data were acquired on a BD accuri C6 flow cytometer and analyzed using FlowJo software.
Comet assay
Comet assay was performed as previously described [57] [58] [59] . Briefly, cells were treated with FDI6 and trypsinized, resulting in a suspension of single epithelial cells. Cells were added to 1% low-melting agarose at 37°C at a cell density of 1 × 10 5 /mL. The low gelling 2-Hydroxyethylagarose (Sigma-Aldrich) and cell mixture was applied to Comet slides (Trevigen, Gaithersburg, MD) and incubated in pre-chilled alkaline lysis buffer overnight at 4°C as described [57] . After lysis, horizontal electrophoresis was performed for 25 min at 12 volts. DNA content was stained with 10 μg/mL propidium iodide for 20 min in the dark at room temperature. Comet slides were visualized under a Nikon E600 fluorescence microscope. Digital images were taken with iVision software. Comets were analyzed with OpenComet software version 1.3.0. [57] .
Gene set enrichment analysis (GSEA)
GSEA was performed on publicly available RNA-Sequencing data (GSE112365) using Broad Institute guidelines as established previously [60] . Significantly associated gene sets had nominal P values lower than 0.05 and false discovery rates lower than 0.25 with 1000 permutations and weighted enrichment scoring.
Statistical analysis
Experiments were performed at least 3 independent times with 2 or more technical replicates. R studio (1.1.383; R version 3.4.2) software was used to perform statistical analysis and visualize the data. The Shapiro-Wilk test was used to assess normality of the data. Data from two groups were analyzed with the two-tailed unpaired Student's T-Test if normally distributed or otherwise compared using the Man-Whitney U test. Significant differences were defined as P < 0.05. Values are expressed as mean ± SD.
